Rationale There is growing evidence of alterations in brain stress and reward circuits associated with cocaine dependence. Sex differences are also documented and sex steroid hormones have been linked to cocaine reinforcement. Objectives The current study therefore assessed daily fluctuations in stress and sex hormones in cocainedependent females compared with healthy females. Method Daily salivary samples of cortisol, progesterone, and estradiol were collected at waking across 28 days from 12 cocaine-dependent females receiving inpatient treatment and 10 healthy females. Participants also completed moodrating scales each week corresponding to four phases of the menstrual cycle and cocaine craving was monitored in cocaine patients at each phase. Results Cocaine-dependent females in their first month of abstinence demonstrated significantly higher levels of both cortisol and progesterone across the menstrual cycle and significantly lower estradiol/progesterone (E2/P) ratios compared to healthy controls. They also showed significantly increased negative mood compared with controls, but no variation in cocaine craving across the menstrual cycle. Conclusions Findings indicate altered stress and sex hormones suggestive of an overactive stress system during the first month of cocaine abstinence after chronic cocaine abuse. These increased levels of cortisol and progesterone could impact both abstinence-related symptoms such as negative mood and susceptibility to drug-seeking behavior in cocainedependent females.
Introduction
Gender differences have been reported across all phases of cocaine dependence, including initiation, maintenance, and treatment outcome (Quiñones-Jenab 2006) . Males and females report dissimilar motives for drug use (Piko et al. 2007; Sonne et al. 2003) and experience markedly different subjective drug effects (McCance-Katz et al. 2005; Kosten et al. 1996) . Females also progress to drug dependence more rapidly than men through more addictive routes (McCance-Katz et al. 1999; Sinha and Rounsaville 2002) . Furthermore, gender differences in stress response have been documented in samples of both healthy and cocainedependent individuals (Fox et al. 2006a ; Kajantie and Phillips 2006; Kirschbaum et al. 1999) .
Cocaine administration is known to stimulate the hypothalamic-pituitary-adrenal (HPA) axis, causing alteration of HPA axis function (for review, see Mello and Mendelson 1997) . Moreover, these changes have been documented during protracted cocaine abstinence (Mantsch et al. 2003; Zhou et al. 2003 ) alongside a range of symptoms comprising dysphoria, anxiety, and increased sensitivity to stress and craving (Kampman et al. 2001; Mulvaney et al. 1999) . Recent laboratory studies have also shown increased sensitivity to stress-induced craving, HPA axis function, and negative emotion in recently abstinent cocaine (Fox et al. 2007a; Sinha et al. 2003) and alcohol (Fox et al. 2007b; Sinha et al. 2005 ) dependent individuals. Notably, these factors have been shown to be sex-specific (Fox et al. 2006a; Kirschbaum et al. 1999 ) and integral to relapse (Adinoff et al. 2005; Sinha et al. 2006) . Given this and the vulnerability of females to poor relapse-related outcomes, it may be important to examine the complex interactions between drug abuse, stress, and hormonal status in early abstinent cocaine-dependent women.
Previous preclinical and clinical research has tended to examine these associations by assessing the impact of either drug or hormone administration on behavioral and/or hormonal response at various phases of the estrus or menstrual cycle. Studies in laboratory animals have shown that estradiol and progesterone substitutions stimulate HPA axis function in nonhuman primates (Norman et al. 1992) and acute "binge" doses of cocaine have been shown to increase progesterone levels in female rats particularly during proestrus (Quiñones-Jenab et al. 2000) . Administering stimulants to female rats during estrus also induces increased behavioral activity (Sell et al. 2002) , self-administration of higher cocaine doses (Lynch et al. 2000) , and potentiation of drug reinstatement (Kippin et al. 2005) . Conversely, in proestrus rats, high levels of progesterone have been associated with significantly less cocaine seeking (Feltenstein and See 2007) .
Although human data are more limited, chronic drug abuse culminates in reproductive problems such as early menopause, amenorrhea, and luteal phase dysfunction (Mello 1988; Teoh et al. 1992) . Moreover, marked subjective and cardiovascular variations have been reported in women, as well as in women compared to men, in response to stimulants at different phases of the menstrual cycle and after exogenous hormonal administration. Reports of an attenuated "high" and improvement in dysphoric mood have been documented following smoked cocaine during the luteal menstrual cycle phase when progesterone levels are typically elevated (Evans et al. 2002; Sofuoglu et al. 1999) . Other research has reported that the positive subjective effects of amphetamine, such as "high", "euphoria", and "like drug" are potentiated during the follicular compared to the midluteal phase, when progesterone levels are typically low (Justice and de Wit 1999) . Administration of exogenous progesterone during the follicular phase has also been shown to attenuate some of the subjective responses to cocaine such as "feeling the effect of last dose" (Evans and Foltin 2006; Sofuoglu et al. 2002 Sofuoglu et al. , 2004 ) and blood pressure response (Sofuoglu et al. 2004) in females compared to males.
Thus, previous research indicates that there are cocainerelated effects on corticotropin-releasing factor (CRF) and the HPA axis as well as the involvement of the sex steroid hormones in cocaine reinforcement. As such, the current study aims to systematically monitor daily hormonal fluctuations of waking salivary estrogen, progesterone, and cortisol during early abstinence in cocaine-dependent females. Reliable salivary assays for estradiol, progesterone as well as cortisol are now established (Chatterton et al. 2005; Fox et al. 2006b; Gandara et al. 2007 ) providing a noninvasive method to address this issue. To examine the impact of these hormonal changes on self-reported craving and mood, participants also completed self-report ratings at each phase of the current menstrual cycle. We predict that the hormonal patterns observed across 28 days in abstinent cocaine-dependent women will deviate from those observed in healthy women and be accompanied by variations in reported affect.
Materials and method

Participants
Twelve treatment-seeking cocaine-dependent (CD) females and 10 healthy control (HC) females were recruited through local newspapers and advertisements. All CD females smoked crack cocaine and met DSM-IV criteria for current cocaine dependence. They also tested positive for cocaine in their urine toxicology screens upon entry into a locked inpatient treatment and research facility for 4 weeks of treatment and study participation. The Clinical Neuroscience Research Unit (CNRU) of the Connecticut Mental Health Center (CMHC) is a locked inpatient treatment research facility with no access to alcohol or drugs and limited and monitored access to visitors. All participant visits take place in the staffed communal area of the inpatient unit and all visitors are checked by staff on entry. Drug testing is conducted every 3 days to ensure drug abstinence.
All HC females were excluded if they met either past or current criteria for alcohol and/or drug use disorders. Exclusion criteria for CD females included dependence on any substances other than cocaine, alcohol, or nicotine and the use of any medications for medical or psychiatric conditions and oral contraceptives. All participants underwent stringent medical assessments that included electrocardiography and laboratory tests of renal, hepatic, pancreatic, hematopoietic, and thyroid function and were excluded if they were not in good general health. HC females were required to abstain from alcohol during the 4 weeks of study participation and were asked to report weekly if they had consumed any alcohol during the previous week. Alcohol consumption was minimal (one participant reported consuming one drink during week 2, and another reported consuming one drink during the initial week and two drinks during week 3). The study was approved by the Human Investigation Committee of the Yale University.
Procedures CD females participated in data collection each morning during their 28-day inpatient stay, while the HC females collected saliva samples daily at waking and completed study assessments during four appointments once per week for 4 weeks. Upon study initiation, all subjects completed a detailed menstrual cycle history questionnaire providing self report information about the dates and regularity of their last three menstrual cycles, the length of menses each time, and the onset of menses in the current cycle. Research staff also asked controls to provide the start day of menses in the current cycle at each of the four visits, and cocaine women were required to provide the same weekly information by nurses on the inpatient unit. These data were used to determine day and phase of the menstrual cycle for each participant over the 28 days. All CD females were allowed four monitored smoke breaks per day to curb nicotine craving.
Saliva samples Collection of saliva samples for the CD females was initiated on the first morning of inpatient stay, after the first night of abstinence. All participants were required to provide saliva samples upon morning waking to analyze levels of cortisol, estradiol, and progesterone. All participants were provided with plastic scintillation vials, (Salimetrics, State College, PA, USA) that were labeled with date and collection time. Research staff on the inpatient unit ensured that the CD females provided saliva samples at 7.30 a.m. each day. The average collection time logged for HCs across the 28 days was 7:20 a.m. To minimize assay contamination, tooth brushing before sample collection was forbidden and participants rinsed their mouths thoroughly with water 10 min before saliva collection. An unstimulated passive drool method of collection was used to best maintain the integrity of estradiol and progesterone salivary concentrations (Lewis 2006; Shirtcliff et al. 2001 ) and all participants were required to produce approximately 4 ml of saliva into the vials each morning at waking. The inpatient unit nurse supervised the cocaine participants as they deposited the saliva and then collected the tubes and placed them into a standard (−20) freezer. The HC females were given seven tubes at a time for each week and detailed instructions for saliva collection at waking using methods previously described. They were asked to freeze the samples immediately in their home freezer and a freezer pack was provided so they could transport the samples to our research unit weekly. Each HC female came in weekly and brought in samples at which time they also completed questionnaires and ratings.
Saliva samples of estradiol and progesterone, collected at home on a daily basis, have been shown to provide reliable assessments of menstrual cycle profiles in HC females using similar collection procedures to those documented in the current study as well as previous research (Chatterton et al. 2005; Gandara et al. 2007 ). Salivary cortisol assays have also been shown to reliably reflect plasma cortisol in CD individuals across various time points (Fox et al. 2006b ).
All salivary samples were assayed in duplicate. Cortisol samples were assayed using salivary high sensitivity cortisol enzyme immunoassay (EIA) kits (Salimetrics LLC, State College, PA, USA). Intra-assay coefficients of variation ranged from 4.3 to 5.3%. Estradiol and progesterone were assayed using standard EIA kits (Salimetrics LLC, State College, PA, USA). Intra-assay coefficients of variation ranged from 5.0 to 7.3% (estradiol) and 4.0 to 8.4% (progesterone).
Subjective measure of mood and craving
The Profile of Mood States Bi-Polar Form (POMS-BI; McNair et al. 1971) : comprises a list of 72 mood-related words (e.g. happy, angry, tense, shaky) and participants were requested to rate the extent to which they felt each emotion on a scale of 0 (not at all) to 4 (extremely). Positive items were reverse coded. The 72 items were then collapsed into eight subscales: anger, anxiety, arousal, confusion, depression, elation, fatigue, and vigor. The following subscales were then collapsed to create a positive mood subscale (vigor and elation) and a negative mood subscale (anger, anxiety, and depression).
The cocaine craving questionnaire-brief version (CCQbrief; Tiffany et al. 1993 ): This is a brief version of the 45-item Tiffany cocaine craving self-report questionnaire and has demonstrated good internal consistency, reliability, and validity within CD participants (Sussner et al. 2006) . All 10 items are in the form of a craving-related statement (e.g., "I want cocaine so bad I can almost taste it") and scores for each item response range from 1 (strongly disagree) to 7 (strongly agree). Positive items are reverse scored. Total score ranges from 0 to 70.
The POMS was administered weekly to all participants and the CCQ-brief was also assessed weekly in CD females. While the daily saliva samples were synchronized with the menstrual cycle day for each participant, weekly data for craving (CCQ-brief) and mood ratings (POMS) were grouped into four MC phases: phase 1: days 1-10 (follicular); phase 2: days 11-15 (ovulation); phase 3: days 16-24 (early and midluteal); and phase 4: days 25-28 (lateluteal/premenstrual).
Design and statistical analyses
Linear mixed effect (LME; Laird and Ware 1982) models were implemented to analyze the data, using SAS, version 8 software (SAS Institute, Cary, NC, USA). To examine group differences in daily cortisol, estradiol, and progesterone levels, group (CD vs HC females) represented the between subject factor and MC day (28 days), the within subject factor. Log transformation was applied to make the distribution of all the outcome variables symmetric. Years in education was used as a covariate. For subjective data, LME model analysis was performed with group (CD vs HC females) representing the between subject factor and MC phase (1-4), the within subject factor. A series of persons product moment correlations were also conducted to assess the associations between craving, negative mood and hormonal fluctuations across each MC phase for both CD and HC females. Correlations were also performed assessing the relationship between cocaine consumption variables before intake and hormonal changes.
Results
Participants All demographics are shown in Table 1 Fig. 1a,b) . For progesterone, a main effect of MC day [F(26,438)=1.64, p<0.03] was also obtained resulting from significantly increased progesterone levels during the luteal phase (phase 3: days 16-24; p=0.02). No significant main effect of group, MC day, or group X MC day interaction was observed for estradiol (see Fig. 2a ).
Estradiol-progesterone (E2/P) ratios A main effect of group [F(1,19)=13.34, p<0.002] showed that E2/P ratios were significantly lower in CD females compared with HC females across their cycle. A main effect of MC day [F (26,419)=1.5, p=0.05] also indicated that, as expected, E2/ P ratios decreased across the luteal phase in all women (p= 0.01; see Fig. 2b ). All salivary cortisol, progesterone, and estradiol levels fall with the expected range for premenopausal women (Salimetrics LLC, Sate College, PA, USA).
Subjective emotional ratings A main effect of group for negative emotions [F(1,20)=5.43, p<0.03] indicated that CD females reported significantly greater negative emotions across their cycle compared with HC females (see Fig. 3 ). No significant main effect of group, MC day, or group X MC day interaction was observed for positive emotions.
Mean scores of the CCQ-brief were assessed in the CD females only for changes by MC phase and no significant effects were observed.
Secondary analyses Extended analyses indicated that in CD females craving was positively associated with negative mood during both the follicular (r=0.84; p=0.001) and early to midluteal (r=0.67; p=0.02) phase. Craving was also positively associated with E2/P ratios during the late-luteal (premenstrual) phase of their cycle (r=−0.81; p<.05). In HC females, negative mood was negatively associated with progesterone levels in the late luteal phase (r=−0.71; p<0.05).
No significant associations were observed between hormonal levels across each menstrual phase and cocaine consumption variables in the 3 months before inpatient treatment. These intake variables included the number of days cocaine was used and the average amount of cocaine used per occasion.
A mixed model reanalysis of the hormonal data was also performed as a function of stay on the inpatient unit (or just "study day" in the case of HC females), where "study day" was used as the fixed factor rather than "MC day". A main effect of group was still observed in relation to cortisol levels [F(1,18)=10.4, p<0.005]; however, no effect of study day was seen for cortisol, progesterone, or E2/P ratios.
Discussion
This is the first study to assess daily fluctuations in waking cortisol, progesterone, and estradiol alongside changes in mood and craving across one complete menstrual cycle, in CD females over their first month of abstinence compared with HC females. CD females showed significantly higher levels of cortisol and progesterone, and significantly lower estradiol to progesterone (E2/P) ratios across their menstrual cycle compared with controls. Furthermore, these hormonal fluctuations were accompanied by higher ratings of negative mood in CD females compared to HCs. Increased levels of salivary cortisol, salivary progesterone, and negative mood are consistent with human studies documenting enhanced sensitivity to stress and negative affect during early and protracted abstinence in cocaine abusers (Fox et al. 2007a; Kampman et al. 2001; Sinha et al. 2003) . Findings also support extensive preclinical studies which have indicated that progesterone levels are elevated after a range of stressors in laboratory animals (Deis et al. 1989; Schaeffer and Aron 1987; Shevchenko et al. 2006 ) as well as human clinical studies which report increased levels of plasma and salivary cortisol and progesterone after metabolic stress (Breier and Buchanan 1992; Elman and Breier 1997; George et al. 1994) , fear of rejection (Wirth and Schultheiss 2006) and emotional distress in men as well as women taking hormonal contraceptives (Wirth et al. 2007) .
Such increases in subjective and hormonal stress markers across the menstrual cycle may also be indicative of hormonal adaptations in response to cocaine withdrawal and abstinence in CD females. For example, the acute effects of progesterone and its metabolite allopregnanolone have been shown to exert anxiolytic and antidepressant-like properties via GABA A Fig. 1 receptors (for review, see Bitran et al. 1995; Brot et al. 1997; Rupprecht 2003) . In animal models, allopregnanolone has been shown to be stress responsive and play a homeostatic role in restoring normal GABAergic and HPA axis function. Notably, allopregnanolone has been shown to reduce alcohol withdrawal symptoms in voluntary and chronic alcoholdrinking rats (Martin-García et al. 2007 ) as well as reduce prenatal stress (Zimmerberg and Blaskey 1998) and cocaineinduced kindling in mice (Leskiewicz et al. 2003) . In humans, high levels of both progesterone and allopregnanolone have been observed in schizophrenia (Marx et al. 2006) anxiety and panic disorders (Brambilla et al. 2003 (Brambilla et al. , 2005 as well as after laboratory manipulated panic (Eser et al. 2005) . It may be the case then, that increased levels of progesterone in early abstinent CD females potentially represent a compensatory adaptation to an enhanced distressed state, characterized in the current sample, by increased levels of cortisol and enhanced negative mood. Consistent with this explanation, recent preliminary data from our laboratory indicate that high luteal-phase progesterone levels in CD females is associated with lower stress and drug cueinduced craving (Sinha et al. 2007 ). Moreover, previous human studies have shown that increased progesterone levels, achieved either by artificial exogenous administration or by testing women during different phases of their menstrual cycle, have attenuated subjective response to either acute administration of cocaine (Evans et al. 2002; Evans and Foltin 2006; Sofuoglu et al. 2002 Sofuoglu et al. , 2004 or stress response (Del Rio et al. 1998) . Clearly, although a more comprehensive assessment concerning the role of progesterone in modifying stress-related craving in CD females is warranted current findings do indicate that perturbations in steroid hormone levels continue after 1 month of abstinence and may be associated with relapse vulnerability.
CD females also demonstrated significantly lower E2/P ratios across their menstrual cycle compared with HCs, reflecting the significantly increased progesterone levels particularly during the follicular and ovulation phases. Although little is known regarding the specific pathophysiological consequences of low E2/P ratios, one possibility is that it may eventually culminate in progesterone deficiency and adrenal exhaustion (Studd 2006) . While stress-related increases in neurosteroids such as progesterone and allopregnanolone may be adaptive at first, the longer-term consequences of these agents may have opposing effects resulting in increased anxiety (Gulinello and Smith 2003) . Repeated biological adaptations to stress have also culminated in depleted basal levels of allopregnanolone as well as blunted response to stress in depressive disorders and premenstrual dysphoric disorder (PMDD; Girdler and Klatzkin 2007; Romeo et al. 1998) . Importantly therefore, persistently high progesterone levels and low E2/P ratios may eventually predispose females to increased anxiety, reduced tolerance for stress, mood swings, and agitated depression (Fiad et al. 1996; Kaplan and Manuck 2004) . As these stress-related behaviors are associated with abstinence symptoms and relapse susceptibility in recently abstinent CD patients (Kampman et al. 2004; Sinha et al. 2006) , the current hormonal neuroadaptions may have important implications for relapse susceptibility in women.
In view of this, it is also notable that reduced E2/P ratios in the premenstrual or late luteal phase were associated with increased cocaine craving. While lower ratios were also associated with increased negative mood in the HC females, this was not observed in the CD sample. One tentative explanation for such associations during the premenstrual phase may be because of the fact that the late-luteal phase has been characterized by endogenous progesterone withdrawal in humans (Herzog 1995; Moran et al. 1998 ) and associated with both increased anxiety (Gallo and Smith 1993; ) and insensitivity to the potentiating effects of GABA-modulatory drugs (Gulinello et al. 2001) . Hence, GABAergic neuromodulatory mechanisms specific to the late-luteal phase may enhance E2/P ratios and craving during early cocaine abstinence.
Notably, limited associations were observed between craving, negative mood, and hormonal changes across the menstrual cycle in both CD and HC females. Disparity between subjective and biological data, particularly across numerous time points, is a common issue and consistent with previous findings (Back et al. 2005; Cohen et al. 1995) and may reflect the existence of semi-independent behavioral and neurovegetative stress systems which impact different aspects of adaptation to distressing situations (Fox et al. 2006a; Sinha et al. 2003) .
CD females in the current sample experienced cocaine craving at equivalent levels across all four menstrual phases. It is interesting to note that the levels of cocaine craving did co-vary with negative mood as evidenced by the strong positive correlations between mood and craving in the follicular and luteal phases. As such, increased levels of progesterone, cortisol, and negative mood may represent important hormonal and emotional adaptations underpinning the cocaine abstinence state during the initial 4 weeks of abstinence. Most importantly, elevations in morning basal cortisol may represent overactivity of the CRF-HPA axis and subsequent impaired HPA and emotional response to stressors and drug-related cues, both of which have been shown to be gender-specific (Back et al. 2005; Fox et al. 2006a ) and predict relapse factors in cocaine-abusing populations (Sinha et al. 2006) .
Some limitations of the current study should be noted. Compared with HC females, CD females reported a higher prevalence of lifetime alcohol dependence as well as mood and anxiety disorders. Findings may therefore reflect the combined effects of alcohol and cocaine use and psychiatric comorbidity on hormonal fluctuations. It is important to note, however, that CD females receiving any type of prescribed medication for either detoxification purposes or any current psychiatric/medical condition were excluded from the study. Another caveat pertains to the fact that while the CD females were tested in a highly controlled environment across the 28 days, this was not the case for the HC females. Although CD females stayed on a locked hospital unit and were largely protected from day-to-day hassles and stressors, there may have been some aspects of inpatient units that could also be considered stressors. It is therefore conceivable that these differences in context could have contributed to the group differences observed in neuromodulatory function. In the present study, no hormonal verification of MC day was used to corroborate the self-report data; however, our subsequent findings show that the daily pattern of progesterone reflects the normal pattern of variation observed across the menstrual cycle (Gandara et al. 2007) . Current findings are also preliminary due to the small participant sample and may account for the lack of menstrual cycle effect on subjective ratings of craving and mood. Future research may also benefit from daily, rather than weekly assessment of mood to provide a more sensitive marker of hormonal modulation of affect across the menstrual cycle.
Previous human and preclinical studies have shown that both acute (Mantsch et al. 2003; Quiñones-Jenab et al. 2000) short-term (Zhou et al. 1999 ) and, in some cases, long-term (Sarnyai et al. 1998 ) cocaine use culminates in increased progesterone and HPA axis activity. As such, secondary analysis was performed in the current study to investigate more clearly the impact of both cocaine consumption and abstinence on hormonal fluctuations first, by correlating drug consumption variables in the three months before in-patient entry with hormonal changes and second, by examining hormonal changes as a function of study day rather than MC day. It is interesting to note that changes in hormonal levels in the current sample of CD females were not significantly correlated with drug consumption variables in the 3 months before in-patient entry. Moreover, no effect of study day was observed in relation to hormonal changes in cortisol, progesterone, or E2/P ratios.
It is clear therefore that further research is warranted to fully examine the nature of these neuroendocrine perturbations in early abstinence from cocaine and ascertain whether the hormonal and emotional elevations observed in the current study are reflective of excessive cocaine use or represent adaptive markers of a protracted abstinent state. Nonetheless, the current findings highlight alterations in the daily fluctuation of sex and stress steroid hormones in recently abstinent CD females compared with HC females. Most importantly, these neuroadaptations could have important implications for understanding cocaine abstinence symptomatology and relapse susceptibility in women.
